obic swine waste treatment lagoons are available (Sharpe and Harper, 1999; Sharpe et al., 2002) . Most CH 4 emissions estimates are either based on biogas production from anaerobic digesters, gases collected from covered lagoons, or from the CH 4 production potential based on the chemical oxygen demand (COD) of animal waste Westerman, 1988, 1989) . Clearly, the environment surrounding anaerobic lagoons is not the same as those of either conventional anaerobic digesters or covered lagoons. The environment in anaerobic digesters is completely anaerobic and well mixed. Covering a lagoon significantly alters environmental conditions compared to an uncovered lagoon.
The complexity of making measurements of full-scale lagoons is in no doubt a major factor in the limited CH 4 and CO 2 emission data from anaerobic lagoons. The difficulty arises from two hindrances: the ability to study cause and effect relationships under controlled conditions, and the ability to accurately measure emission of gases over the entire lagoon surface. Researchers at Oklahoma State University (OSU) have attempted to overcome these hindrances by constructing a pilot bioreactor consisting of four 270 L, 3.66 m deep columns that recreate environmental conditions found in anaerobic/facultative lagoons (Hamilton, 1998) . By precisely controlling the environmental and operational conditions of the column section, cause and effect relationships can be explored. The problem of surface measurement is reduced by assuming that the layered biological communities found in lagoons can be recreated in the 3.66 m of column depth, and that the gases emitted from the top of this column represent emissions from the total lagoon surface. Table 1 . Geometric data and organic loading rates of one pilot-scale bioreactor column and full-scale swine waste treatment lagoons. Lagoons in temperate climates undergo an annual cycle of organic matter accumulation and destruction tied to the changing seasons (Hamilton et al., 2002) . By late summer, accumulated organic matter has been digested, and lagoon temperatures have not cooled to the point that biological activity is diminished. Late summer is, therefore, the period of the year in which an equilibrium between the mass of carbon added to a lagoon and the mass of carbon emitted by the lagoon on a daily basis is most likely to occur.
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OBJECTIVES
The overall objective of this research was to determine emissions of gaseous pollutants from anaerobic/facultative lagoons treating swine manure using a physical model operated to simulate the expected environmental and operational conditions experienced by lagoons. The specific objectives of this study were to determine emission rates of CH 4 and CO 2 during a typical mid-to-late summer day from a photosynthetically active, anaerobic lagoon located at 35° N latitude.
MATERIALS AND METHODS
FACILITY DESCRIPTION
The model pilot bioreactor used in this study is made of four insulated PVC pipes, 0.305 m (1 ft) in nominal diameter, and 3.66 m (12 ft) in depth (table 1) . Hamilton (1998) gives a complete description of the bioreactor design. Two sets of two columns are coupled with the same lighting and heating systems to achieve two replicated sets of conditions from the four columns. The columns are labeled A, B, C, and D; therefore, the two column sets consist of AB and CD. The pilot facility was inoculated with effluent and sludge from a facultative lagoon located at the OSU Swine Research Center (OSU-SRC) in the fall of 1998, and has been programmed ever since to repeat the heating, mixing, and lighting patterns experienced by a typical anaerobic/facultative lagoon under late-summer conditions at 35° N latitude in Oklahoma.
COMPARISON TO OKLAHOMA LAGOONS
Three Oklahoma lagoons were monitored to determine the environmental conditions experienced by lagoons at 35°N
latitude. An intensive chemical and physical survey was conducted on the OSU-SRC lagoon during the summer of 1997. This survey entailed monitoring conditions on the lagoon every 2 h for a period of 24 h for three days in June and July. After completion of this survey, remote temperature loggers (Stow Away Tidbit, HOBO, Onset Computer, Pocasset, Mass.) were installed in the OSU-SRC lagoon at depths of 0. 15, 0.31, 0.61, 0.91, 1.22, 1.83 , and 2.44 m. Hourly temperatures were continuously monitored from November 1997 until November 1999. These temperature data have been previously reported by Hamilton and Cumba (2000) . Two additional lagoons, operated at organic loading rates more typical of lagoons found on commercial swine farms, have been monitored on an annual basis for a study of sludge accumulation (Hamilton, 2004) . These lagoons, labeled OK1 (located in Pottawatomie County, Okla.; 35° 10′ N, 97° 00′ W) and OK2 (located in LeFlore County, Okla.; 35° 05′ N, 94° 30′ W), were used to set the surface organic matter loading rate on the pilot facility (table 1).
SWINE WASTE ACQUISITION AND LOADING
Swine waste was collected from pigs housed in metabolic chambers and fed a fortified corn-soybean meal diet (table 2). The metabolic chambers were operated to mimic pits in pit-recharge buildings. Both feces and urine were mixed in a pan below the animals. The mixture was allowed to stand for one week in the chambers, and then placed in buckets. The buckets were frozen and remained frozen until the raw manure was used to feed the bioreactor columns. In all, manure collection lasted about 2 weeks; this gave sufficient manure to use in the year-and-a-half long study. Reverse osmosis (RO) water was added to the raw manure at the time of column feeding to dilute the slurry to a consistency equal to that of manure produced in pit-recharge systems. Raw manure was, thus, diluted in a ratio of 65:750 with water to produce a feed concentration of 1.06% TS by weight. Concentration of analytes in the raw manure, concentration of analytes in the diluted manure as it was fed to the column, and daily mass loading of analytes to bioreactor columns are shown in table 3. Each column was manually fed the same amount of manure each day at 12:00 noon. The amount of the 
BIOREACTOR OPERATION
The procedures outlined in the following paragraphs were used to simulate late-summer environmental conditions, maintain a constant lagoon liquid level, create a hydraulic balance and mixing conditions consistent with full-sized lagoons, and maintain an undisturbed sludge layer.
Water baths were used to heat and cool water circulated in polypropylene coils to recreate the temperature profile with depth. A combination of fluorescent and incandescent lights, designed to have the same intensity and wavelength as sunlight, were turned on at 7:00 and turned off at 19:00 every day.
In Oklahoma, lagoon effluent is not generally irrigated during the latter part of the summer, and in fact, fresh water is often added to maintain the treatment volume of the lagoon. Liquid levels on the columns were held constant at 3.66 m., and daily hydraulic balance was maintained on the columns in order to simulate the yearly hydraulic balance of the lagoon. Lagoons receive rainfall, as well as recycled liquids. The mixture of manure and RO water entering the column was balanced against liquid losses from evaporation, sampling, and effluent wasting to reach a column EC that approximated that of the full-sized lagoons. Daily hydraulic loading was determined to be 750 mL per column per day. Effluent was drawn from both columns in a two-column set at a depth of 1.37 m (4.5 ft), mixed, and returned to both columns at a depth of 0.15 m (0.50 ft) to recreate natural lagoon mixing. This recirculation was performed daily at 7:00 a.m. for 10 min.
Solids retention time in a lagoon approaches infinity if the sludge layer of the lagoon is undisturbed. Sludge was sporadically sampled from the columns before the intensive gas sampling period in order to establish system equilibrium, and was not disturbed from column set AB at all during the sampling period.
BIOREACTOR AND LAGOON LIQUID ANALYSES
The following parameters were determined for all samples drawn from the pilot-scale bioreactors and full-scale lagoons using standard laboratory methods (APHA, 1998): total solids (TS), volatile solids (VS), total suspended solids (TSS), volatile suspended solids (VSS), and total Kjeldahl The volatile fatty acid (VFA) concentrations in lagoon liquids were analyzed by ion chromatography using a DX 600 Ion Chromatograph (IC) (Dionex, Sunnyvale, Cal.) equipped with a conductivity detector (ED50), an IonPack column (AC11-HC), a suppressor (ASRS) and trap column (ATC-1), and a 25 mL loop. Eluents used were deionized water, 5 mM NaOh, and 50 mM NaoH. Eluents were mixed in the proportions shown in table 4 (Kourtchev, 2002) . The ammonium nitrogen (NH 4 -N) concentration of the simulator liquids was also analyzed using the Dionex DX 600 IC, with a CS12-A Ion Pack 3X150 mm column, a CS12A 4 mm and CTC-1 trap columns, and a 25 mL loop. Eluent used was 33 mM Mehansulfonic acid. Total flow rate was 1.0 mL/min (Kourtchev, 2002) .
GASEOUS EMISSIONS MEASUREMENTS
Emission rates of CH 4 and CO 2 from the lagoon simulator were measured using a closed-chamber system. The atmosphere immediately above the liquid surface was covered by a modified version of the chamber used by Ball et al. (1999) for soil analysis. The chamber used in this study was a 0.2 m tall, 0.09 m diameter polypropylene (Nalgene) cylinder, which was held in a floating position by a 0.15 × 0.15 m block of Styrofoam. Working headspace of the gas collecting cylinder was 800 mL. The cylinder rested on top of the liquid, and at no time was the 800 mL headspace submerged below the liquid surface. A short piece of tubing was inserted into the top of the cylinder. Samples were taken using a 5 mL glass syringe (VICI Precision Sampling, Baton Rouge, La.) by inserting the syringe needle into this tubing. The sampled gas was immediately analyzed in a gas chromatograph (model 8610 C, SRI Instruments, Torrance, Cal.) fitted with a thermal conductivity detector (TCD) and a helium ionization detector (HID). Units of analysis were volumetric fraction of each gas.
After sampling, the closed chamber was removed from the system, and accumulated CH 4 and CO 2 gases were purged using compressed air. The chamber was then returned to the column surface for the next sampling period. Headspace CH 4 and CO 2 concentrations increased as these gases were emitted from the liquid surface. As long as the concentration of gas in the chamber remained dilute, the atmosphere above the liquid did not interfere with movement of gases out of the liquid. Experimentation showed that when gas production was relatively constant (early morning hours), concentrations in the chamber increased linearly for 60 min with CH 4 and for 90 min with CO 2 . Volume of emitted gas in the chamber was determined by multiplying the volume of the chamber by the volume fraction measured by the GC.
Number of moles present in the chamber was determined using the ideal gas law. If the increase in gas concentration is linear, then the molar emission rate for the time between chamber flushing and sampling can be determined by dividing moles of gas trapped in the chamber by time (30 min) and emission area (6.4 × 10 −3 m 2 ).
Daily mass of CH 4 and CO 2 emitted was calculated by multiplying the molar emission rate by the time interval over which it was measured, and summing masses for all the measurement intervals for the day. There were forty-eight 30 min intervals over a typical 24 h sampling period. If a measurement interval was skipped, then the rates measured in the time periods immediately before and after the period skipped were used to determine a linear interpolation of rates between the known measurements.
EXPERIMENTAL TIMELINE
Feeding the columns at the 25.2 g VS/m 3 -day rate began in September 2001. Weekly samples of all four column liquids were analyzed for TS, VS, TSS, VSS, pH, EC, NH 4 -N, and TKN to determine when equilibrium conditions had been reached. There were no major changes in monitored parameters after June 2002 (Kourtchev, 2002) . Weekly monitoring of these parameters continued on a weekly basis until 29 September 2002.
Because of the complexity and time involved in collecting emissions from the closed chamber, emission rates were only measured on column A. Chemical analyses were performed on all four columns to ensure that the performance of column A did not deviate from the other three columns. 
RESULTS AND DISCUSSION
HEATING AND COOLING CYCLE
The maximum temperature of 27°C at a depth of 2 m in the OSU-SRC lagoon occurs during late August. A typical daily heating pattern obtained using temperatures sensors on 28 August 1998 is shown in figure 1 . Water baths were programmed to approximate these late-summer heating and cooling conditions in the pilot-scale bioreactors. The heating pattern in one typical bioreactor column (column A) recorded on 9 September 2002 is shown in figure 2 .
Mixing the column set at 7:00 seems to have little effect on the temperature profile in the columns, most probably because mixing occurred at a time when the temperature at 1.37 m is equal to the temperature at 0.15 m. A temperature spike occurred at 12:00 as the water baths responded to column feeding. The water baths were controlled by a temperature sensor located at the center of the column at 0.15 m depth. The temperature dropped in the vicinity of the sensor as the column was fed, but because the thermocouple measuring the column temperature at 0.15 m was located near the heating coil at the column wall, an apparent rise in column temperature occurred as the heating coil responded to the water bath controller. This was registered as a temperature spike.
COMPARISON TO FULL-SIZED LAGOONS IN OKLAHOMA
The EC profiles shown in figure 3 were used to compare the response of loading rate and hydraulic balance of the pilot-scale bioreactor to full-sized lagoons. The bioreactor EC is the average of all four columns measured during the test period (5 July and 5 August 2002). The EC data for the bioreactors are also given in table 5. The EC data for lagoons OK1 and OK2 are the means of all observations made on the lagoons between 1996 and 2002 during the months of May and August. The EC patterns for the columns were accurately maintained within the ranges observed in full-sized lagoons during the period monitored.
Column pH measured during the sampling period is given in table 5. Column pH ranged between 6.96 and 7.47, and decreased with depth. The pH of both full-sized lagoons ranged between 7.37 and 8.08 at a depth of 0.51 m, and between 7.13 and 7.62 at depths greater than 1.22 m. Sharpe and Harper (1999) report a comparable pH range of 7.20 to 7.70 between the top and bottom of a lagoon monitored in Georgia over a period of one year.
All three of the full-sized lagoons used in this study remained red or violet-red in color year round, which indicates the presence of photosynthetically active, purple 62,000 ±7,500 (9) 33,500 ±11,500 ( sulfur and/or purple non-sulfur anaerobic bacteria. Scum layers of windblown algae also frequently occurred in downwind corners of the lagoons. The bioreactor columns also maintain a red to red-violet color under a thin layer of algae. Algae were removed from the surface every day before feeding. Cooper (1962) determined that algae and photosynthetic bacteria always coexist in lagoons. When algae appear to dominate the system, purple sulfur bacteria are also present but in smaller numbers. Likewise, when purple bacteria dominate, algae are present. The purple or red color of lagoons depends on the presence of reduced sulfur in bacterial chromoplasts. . The TS data show a transition from liquid to sludge (liquid-sludge interface) occurring between 2.44 and 3.05 m of column depth. Total solids concentration above 2.44 m was approximately 0.33% by weight, whereas TS concentration at 3.05 m was 6.2%. Above the sludge layer, the liquid was relatively homogeneous, with the majority of solids (60%) comprised of inorganic salts (FDS) and 80% of nitrogen in the form of ammonium. Below 3.05 m of depth, volatile solids became more prevalent, and nearly 80% of TKN was in the organic form.
CHEMICAL ANALYSES OF BIOREACTOR LIQUIDS
Daily patterns of acetate and lactate concentrations at three depths (0.31, 1.22, and 3.05 m) in column A are given in figure 4. Acetic acid concentrations at 0.15 and 1.22 m responded to feeding. Concentrations were lowest between mixing and feeding, increased after feeding, and decreased 2 to 6 h after feeding. The acetic acid concentration at 3.05 m may show a delayed response to feeding. Lactic acid concentrations at all depths did not exhibit a response to feeding. These patterns suggest two pathways of organic matter removal in lagoons loaded from the surface: (1) easily digestible organic matter is converted to acetic acid and eventually to CH 4 and CO 2 in the upper portion of the lagoon, and (2) less digestible organic material settles to the liquid-sludge interface to be slowly and constantly converted to a mixture of organic acids, a portion of which are further converted to carbonaceous gases.
METHANE AND CARBON DIOXIDE EMISSIONS
Individual measurements of CH 4 emissions are plotted against time of day in figure 5. Measurements of CO 2 emissions versus time of day are shown in figure 6. Average values of CH 4 + CO 2 gas emission rate and average values for molar CH 4 :CO 2 ratio are plotted against time of day in figure 7. CH 4 + CO 2 gas emission was relatively constant at 2 mmoles/m 2 -min, with a slight increase after feeding, and a slight decrease after the lights were turned off. Mixing produced a spike in gas emission at 7:00. There was a remarkable difference in the CH 4 :CO 2 ratio between day and night. The ratio of CH 4 to CO 2 dropped from 1.8 to 1.2 almost immediately after the lights were turned on, and returned to 1.8 after the lights went off. This changing pattern of CH 4 :CO 2 ratio between day and night may be attributed to a combination of four processes: (1) aerobic and anaerobic photosynthetic organisms, and aerobic bacteria living symbiotically with aerobic photosynthetic organisms, produce higher volumes of CO 2 during daylight, (2) the small, but appreciable amount of oxygen produced by algae during daylight suppresses CH 4 production, (3) higher volumes of CO 2 are produced as complex organic matter is converted to acetate by both aerobic and anaerobic bacteria, and (4) excess CO 2 and H 2 are converted to CH 4 by methanogenic bacteria once acetate reserves become depleted. Daily masses of gases emitted by the bioreactor were determined by integrating the area under the curve of the flux profile of each gas. Results for the three full days of emission testing are shown in table 7. Average mass of CH 4 + CO 2 − C emitted was 2,400 mg/day. The mass of total carbon applied to the column each day was 3,750 mg/day (table 3) ; therefore, approximately 65% of the applied carbon is accounted for in CH 4 + CO 2 emission.
McCarty (1964), among others, stated that the mass of CH 4 theoretically created per mass of oxygen demand consumed is derived from the combustion of methane:
It is assumed that methane is the only component of biogas that reacts in the presence of oxygen to produce CO 2 . This assumption is fairly accurate, because the proportion of other gases capable of oxidation (chiefly H 2 , NH 3 , and volatile organic compounds) in biogas is rather small −− about 5%. If methane is the only combustible gas, and if the measure of oxygen demand used takes into account all of the potentially digestible carbon, then one mass unit of CH 4 is released per four mass units of oxygen demand consumed (CH 4 : molecular weight 16, 2O 2 : molecular weight 64). As shown in table 7, the mass of CH 4 emitted was as high as 2,200 mg/day. This mass exceeded the expected mass of methane produced by a 6,600 mg/day COD loading (table 3) by a factor of 130%.
The problem with using COD to estimate CH 4 emissions is the assumption that all of the potentially digestible organic matter can be measured in the COD test. The COD test is a relatively short digestion in a strong oxidizing environment, a mixture of sulfuric acid and potassium dichromate. Other studies (S. L. Mann, personal communication, 2 June 2005) have shown that the COD test underestimates the methaneyielding potential of manure solids compared with biological tests, such as the biological methane potential (BMP) test. In the BMP test, a sample is incubated with methane-producing bacteria for a period lasting as long as the solids retention time of the digester to be built. Lagoons have much longer solid detention times than digesters −− approaching infinity if settleable solids are completely retained; therefore, it is plausible that more CH 4 was emitted from our pilot-scale bioreactor than would be expected from the COD test.
Scaling the column emission data to full-sized lagoons suggests that late-summer CH 4 emissions from a lagoon loaded with swine manure at 935 kg VS/ha-day should be in range of 200 to 300 kg/ha-day. CO 2 emissions from similarly loaded lagoons in late summer should be in the range of 380 to 580 kg/ha-day. Sharpe and Harper (1999) used tunable diode laser spectroscopy to measure CH 4 emission rate from a four-stage lagoon treating manure from a 12,000 hog farrow-to-finish farm located in the Coastal Plains of Georgia. The CH 4 emission rate ranged between 1 and 500 kg CH 4 /ha-day and depended heavily on time of year. Earlier, the same authors measured springtime emissions from the first stage of the four-cell lagoon using a submerged carboy designed to capture gases released from the sludge layer. The authors did not give an organic matter loading rate for the lagoon cell, but using the stated surface area of the lagoon (3.5 ha) and the estimated mass of volatile solids produced by a farm of this size would give a surface loading rate slightly greater than 1,000 kg VS/ha-day. Sludge layer emission rate during spring was thus determined by Sharpe and Harper (1999) to be 126 kg CH 4 /ha-day. Our results show that a larger mass of CH 4 was emitted per unit area (200 to 300 kg CH 4 /ha-day). The springtime emissions reported by Sharpe and Harper (1999) using the submerged chamber gathered gases released from the sludge layer of the lagoon. The floating chamber used in our experiment gathered gases produced by both the sludge layer and the liquid portion of the lagoon. Our results show that CH 4 is produced in the liquid portion of the lagoon as well as in the sludge layer; therefore, the higher emissions recorded in this study are plausible.
CONCLUSIONS
The results of this study suggest that lagoons located at 35° N latitude and loaded at a rate of 935 kg VS/ha-day will emit between 200 and 300 kg CH 4 per hectare per day and 380 to 580 kg CO 2 per hectare per day during the late summer. Carbonaceous gas production takes place across the entire depth of the lagoon. Easily digestible organic matter is consumed in the upper layer of the lagoon, and more slowly digested material is converted in the sludge layer. Studies that collect only gases emitted by the sludge layer may underestimate lagoon carbon emissions. Photosynthetically active anaerobic lagoons produce biogas with a greater proportion of CO 2 during the daylight hours than during the night.
